Abstract Primary hepatocellular carcinoma (HCC) is the most common form of liver cancer and is one of the most common malignancies worldwide. Tumor suppressor gene silencing through DNA methylation contributes to cancer formation. The ten-eleven translocations (TET) family of a-ketogluta-rate-dependent dioxygenases catalyzes the sequential oxidation of 5-methylcytosine to 5-hydroxymethyl-cytosine, 5-formylcytosine and 5-carboxylcytosine, leading to eventual DNA demethylation. MicroRNAs are an abundant class of 17-25 nucleotides small noncoding RNAs, identified as important regulators of many diverse biological processes. In this study, we showed that TET1 expression was obviously reduced in the majority of examined HCC tissues. And we further investigated the expression and functional involvement of TET1 in proliferation, migration and invasion and determined that TET1 may function as a tumor suppressor. miR-29b was proved to inhibit metastasis through the targeting of TET1, indicating that downregulation of miR-29 may involve in HCC carcinogenesis and progression through potentiation of TET1 expression. Thus, we elucidated the roles of feedback of miR-29-TET1 downregulation in HCC development and suggested a potential target in identification of the prognosis and application of cancer therapy for HCC patients.
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Introduction
Primary hepatocellular carcinoma (HCC) is the most common form of liver cancer and one of the most common malignancies worldwide, with nearly 600,000 deaths each year [1, 2] . In China, the incidence of HCC is increasing and HCC becomes the second most common cause of cancer mortality despite therapeutic advances. However, the molecular mechanisms underlying pathogenesis of HCC remain obscure. Tumor suppressor gene silencing through DNA methylation contributes to cancer formation. The ten-eleven translocation (TET) family of a-ketogluta-rate (a-KG)-dependent dioxygenases catalyzes the sequential oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine and 5-carboxylcytosine, leading to eventual DNA demethylation. TET protein family contains three members (Tet1, Tet2 and Tet3). TET1 was the first to be identified as the gene that was fused to the MLL gene in certain leukemia patients due to a chromosome translocation [3] . Chih-Hung Hsu has found that a dioxygenase involved in cytosine demethylation is downregulated in prostate and breast cancer tissues. TET1 depletion facilitates cell invasion, tumor growth and cancer metastasis in prostate xenograft models and correlates with poor survival rates in breast cancer patients [4] . The TET2, which was recently discovered, has drawn most attention, and it has been identified as one of the most frequently mutated genes in myeloid malignancies and other types of cancers [5] [6] [7] . Whereas some of the mutations sited in TET2 correspond to residues within the catalytic domain and could thus impair catalytic activity, many mutations appear unrelated to enzymatic activity [8] . In theory, the molecular mechanism underlying TET in cancer is still unclear and needs further studies.
MicroRNAs (miRNAs) are an abundant class of 17-25 nucleotides small noncoding RNAs, identified as important regulators of many diverse biological processes. It has been found that miRNAs could regulate protein-coding genes expression at the post-transcriptional level through binding to the 3 0 untranslational region (3 0 UTR) of target mRNAs [9] . By regulating the expression of target genes, miRNAs are involved in a variety of biological processes including cell cycle regulation, differentiation, development, metabolism, neuronal patterning and aging [10] . After initial observation, about 1,000 miRNA sequences have been identified in mammals, but the biological roles in tumorigenesis of remain elusive in a large part. A growing body of evidence has demonstrated that miRNAs have played important roles in cancer development and clinical outcomes of cancer patients [11] . Up to date, different study cohorts find that miRNAs are involved in HCC development and some of them have been identified to correlate with prognosis or accepted to be potential therapeutic targets [12] [13] [14] [15] . For example, the study by Jiang and his colleagues revealed that miR-199a, miR-21 and miR-301 were differentially expressed between tumor and adjacent benign liver. On the other hand, a large number of mature and precursor miRNAs were upregulated in the adjacent benign liver specimens [16] . Furthermore, several deregulated miRNAs (e.g., miR-21, miR-101, miR-195, miR-122, miR-221, miR-223 and miR-224) have been shown to regulate cell growth, apoptosis, migration or invasion [17] [18] [19] [20] [21] [22] . In conclusion, the ability of miRNAs to function as tumor promoters or suppressors in hepatocarcinogenesis has led to new insights into the molecular pathways involved in HCC [14, 23] . To date, several oncogenes, caused by apoptosis-related molecules, such as T cell leukemia/lymphoma 1 (TCL1), myeloid cell leukemia sequence 1 (Mcl-1), cell division cycle 42 (CDC42) and phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1), have been characterized as targets of the miR family [24] [25] [26] [27] [28] [29] . However, miR-29 disfunction in hepatocarcinogenesis and the signaling pathways by which miR-29 exerts its function and modulates the malignant phenotypes of HCC cells remain largely unknown.
In this study, we showed that TET1 expression was obviously reduced in the majority of examined HCC tissues. We further investigated the expression and functional involvement of TET1 in proliferation, migration and invasion. We decided that TET1 might function as a tumor suppressor and MiR-29b inhibit metastasis through the targeting of TET1, which indicated that downregulation of miR-29 might be involved in HCC carcinogenesis and progression through potentiation of TET1 expression. Thus, we elucidated feedback of miR-29-TET1 downregulation in HCC development. We suggested miR-29-TET1 be a potential target in identification of the prognosis and application of cancer therapy for HCC patients.
Materials and methods patients and tissue samples
Surgical resection paired HCC and adjacent non-neoplastic tissues were obtained from 25 patients at Wuxi Third People's Hospital (Wuxi, China) after surgical resection with informed consent. And the details are shown in Table 1 . The tumor tissues and the adjacent normal tissues were quickly frozen in liquid nitrogen after resection until analysis. No patient in the current study received chemotherapy or radiation therapy before the surgery. This study was performed with the approval of the Wuxi Third People's Hospital and was conducted according to the Declaration of Helsinki Principles.
Cell lines and culture
HepG2 and Huh-7 human HCC cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (GIBCO, Gaithersburg, MD). Normal human hepatocytes (HH) were obtained from Sciencell (San Diego, CA) and cultured following the manufacturer's instructions.
RNA extraction and quantitative RT-PCR
Total RNA, including miRNA, was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. qRT-PCR was used to confirm the expression levels of mRNAs and miRNAs as described before. U6 snRNA and G3PDH mRNA levels were used for normalization.
RNA Oligoribonucleotides and Plasmids
All RNA oligoribonucleotides were purchased from GenePharma. miRNA duplexes corresponding to mature miR-29a, miR-29b and miR-29c were designed as described [27] . The small interfering RNAs that targeted human TET1 mRNAs were designated siTET1. The negative control RNA duplex (named NC) for both miRNAmimic and small interfering RNA was non-homologous to any human genome sequences. The anti-miR-29a, anti-miR29b and anti-miR-29c, with sequences that were complementary to the mature miR-29a, miR-29b and miR-29c, respectively, were 2 0 -O-methyl-modified oligoribonucleotides designed as inhibitors of miR-29a, miR-29b and miR29c individually. The anti-miR-C was used as a negative control in the antagonism experiments. The coding sequence of TET1 was cloned into the EcoRI/XhoI and BamHI/EcoRI sites of pc3-gab, respectively. The pc3-gab was produced based upon pcDNA3.0 (Invitrogen, Carlsbad, CA) by replacing the neomycin open reading frame with an expression cassette of the enhanced green fluorescent protein (EGFP) gene [21] . The generated expression vectors were named pc3-gab-TET1.
Cell transfections
Reverse transfection of RNA oligoribonucleotides was performed using Lipofectamine-RNAiMAX (Invitrogen). Transfection of plasmid DNA or co-transfection of RNA duplex with plasmid DNA was performed using Lipofectamine2000 (Invitrogen). Unless otherwise indicated, 50 nM of RNA duplex and 200 nM of miRNA inhibitor were used for each transfection.
Cell proliferation assay
Cell proliferation was monitored using Cell Counting Kit-8 (CCK-8) (Dojindo, Japan). HepG2 and Huh-7 cells (3,000 per well) were transfected with miR-193b or siR-NA against CCND1 or TET1 in 96-well culture plates. Seventy-two hours later, 5 ll CCK-8 reagents was added to each well and incubated at 37°C for 1 h. The number of viable cells was assessed by the measurement of absorbance at 450 nm. Western blot
Cells and ground tissues were lysed, equalized, loaded and blotted as described previously [29] . Antibodies specific to TET1, b-actin and horseradish-peroxidase-coupled secondary antibodies were purchased from Santa Cruz Biotechnology. Densitometric analysis was carried out with Lab-works Image Acquisition and Analysis software. The background was subtracted, and the signals of the detected bands were normalized to the amount of loading control b-actin band. The relative value was presented as fold increase over control sample as indicated.
Statistical analysis of data
Data are presented as mean ± SD. Statistical comparisons between experimental groups were analyzed by Student's t test, and two-tailed P \ 0.05 was taken to indicate statistical significance.
Results

TET1 expression is downregulated in HCC
Given the established role of TET1 in DNA methylation in cancer, we investigated the role of TET1 in tumor development. In vitro, we detected TET1 mRNA with RT-PCR in normal and cancerous human cell lines (Fig. 1a) , and the mRNA quantity is reduced in these tumor cells. TET1 and TET3 protein levels were detected by Western blot method, and TET protein expression trend is the same with mRNA (Fig. 1b) . TET1 expression was analyzed in 17 paired HCC and adjacent non-tumor liver tissues by way of HepG2 cells were transfected with pcDNA-TET1 or ETS1 siRNA and then subjected to transwell migration assays, as described. After 12 h, migration cells were counted after staining with crystal violet. b Migration cell numbers are the average count of three random microscopic fields. Each bar represents the mean ± SD of the counts from a single representative experiment. **P \ 0.01. c Cell invasion assay. Cells transfected with control RNA, pcDNA-TET1or ETS1 siRNA were subjected to transwell invasion assays, as described. After incubation for 24 h, cells that invaded through the pores to the under surface of the membrane were fixed, stained and counted. d Invading cell numbers are the average count of three random microscopic fields. Each bar represents the mean ± SD of the counts from a single representative experiment, **P \ 0.01 IHC detection. Immunohistochemical staining demonstrated that all liver cancer patients showed reduced TET1 expression in cancerous cells as compared to non-neoplastic glands (Fig. 1c) . Note that the samples were diagnosed as liver cancer cells via H&E staining and stained with rabbit IgG as a negative control (data not shown). The results showed that TET1 was significantly repressed (2-330 fold) in 76 % of tumors (19 of 25 patients) compared to the matching adjacent non-tumor liver tissues (Tables 1, 2 ). These results suggest that downregulation of TET1 may be involved in most of human HCC development, as demonstrated in the following experiments.
TET1 represses cell proliferation by inducing a G1 arrest in HepG2 and Huh-7 cells
Repression of CCND1 prevents cells from entering the S-phase, causing an accumulation of cells in G0/G1. To verify whether TET1 can trigger G1 arrest in hepatoma cell lines, TET1 and CCND1 siRNA against were transfected into HepG2 and Huh-7 cells. Mock-transfected HepG2 and Huh-7 cells showed a normal cell cycle distribution. In contrast, cell cultures transfected with pcDNA-TET1 or siCCND1 had increased numbers of cells in G0/G1 and corresponding decreases in the numbers of cells in S and G2/M (Fig. 2a) . This finding suggests that TET1 can induce G1 arrest in HepG2 and Huh-7 cell lines. The G0/ G1 accumulation phenotype became clear when the microtubule-depolymerizing drug was added 24 h post transfection to block cells from reentering the cell cycle after mitosis. This treatment caused most of the mocktransfected cells to accumulate in G2/M, whereas a large fraction of pcDNA-TET1 or siCCND1-transfected cells remained in G0/G1 (Fig. 2b) . To confirm that the cellular phenotype induced by TET1 is not artificial, we determined whether G0/G1 cell accumulation phenotype could be induced by TET1 expressed from genomic fragment. We next evaluated the effect of TET1 on the growth of HCC cells. The results of cell proliferation assay showed that ectopic expression of TET1 led to significant inhibition of HepG2 and Huh-7 proliferation compared to control cells (Fig. 2c, d ).
TET1 negatively regulates cell migration and invasion
Transcription factor ETS1 is over-expressed and plays a crucial role in the invasive property in hepatoma cell lines [30, 31] . HGF, also known as scatter factor, can induce the expression of ETS1 in hepatoma cells by binding with hepatocyte growth factor receptor (MET) [31] . Then, we examined the effect of TET1 on HGF-induced migration of HepG2 and Huh-7 cells using the transwell migration 0 -UTR of the putative target gene (b). pRL-TK expressing Renilla luciferase was cotransfected as an internal control to correct the differences in both transfection and harvest efficiencies. The firefly luciferase activity of each sample was normalized to the Renilla luciferase activity. The normalized luciferase activity of NC or anti-miR-C transfectant was set as relative luciferase activity; therefore, no error bar was shown for NC and anti-miR-C transfectant. Values represent the mean ± standard error of the mean of at least three independent experiments performed in duplicate. *P \ 0.05; **P \ 0.01, ***P \ 0.001 compared with NC or anti-miR-C transfectants. Effects of miR-29 overexpression (c) or suppression (d) on the endogenous TET1 levels. Forty-eight hours after transfection with the indicated RNA oligo ribonucleotides, HepG2 cells were analyzed by Western blotting and RT-PCR. The intensity for each band was densitometrically quantified. The value under each lane indicates the relative expression level of the putative target gene, which is represented by the intensity ratio between TET1 and actin bands in each lane to controls. *P \ 0.05 relative to controls assay. The migration of HepG2 and Huh-7 cells was significantly induced by HGF, and TET1 could reduce the migration induced by HGF (Fig. 3a, b) . Next, the effects of TET1 on the invasion of HepG2 and Huh-7 cells were determined by Matrigel invasion assay system. In line with the results from the above-mentioned migration assays, TET1 also inhibited the invasion of HepG2 and Huh-7 cells (Fig. 3c, d ). To rule out other target effect of TET1 on cell migration and invasion, we used ETS1 siRNA to downregulate the ETS1 gene expression. siETS1 could also inhibit the migration and invasion induced by HGF ( Fig. 3a-d) . In addition, our results suggested that the reduction in the number of migrative/invasive cells is not due to apoptosis and inhibition of cell proliferation, and similar results were observed in HepG2 and Huh-7 cell lines (not shown). Taken together, the results mentioned above suggest that TET1 is a potent suppressor of hepatoma cell migration and invasion by repressing the expression of transcription factor ETS1, at least in partial.
TET are direct targets of miR-29
Next, we explored the molecular mechanisms responsible for the function of TET1 that were observed above. Predicted target genes of TET1 were retrieved using publicly available databases (Target Scan and miRanda). miR-29a/ b/c was chosen for further analysis, because they are proapoptotic members of the microRNA family and have displayed frequent low-expression in HCC tissues. To verify whether TET1 is a direct target of miR-29, a dualluciferase reporter system was first employed. Co-transfection of miR-29a/b/c significantly increased the firefly luciferase activity of the reporter with wild-type 3 0 -UTR but not that of the mutant reporter (Fig. 4a) . In addition, inhibition of endogenous miR-29a/b/c by anti-miR-29 led to reduced firefly luciferase activity of the wild-type reporter but not that of the mutant one (Fig. 4b) . Further investigation showed that transfection with miR-29a/b/c increased the endogenous expression of under conditions of conventional culture (Fig. 4c) . In addition, antagonism of endogenous miR-29 resulted in the downregulation of TET1 proteins (Fig. 4d) .These data suggest that miR-29 may regulate the expression of TET1 by directly targeting the 3 0 -UTR of their mRNAs. Data of immunofluorescence show that 5hmC, regulated by TET1, was also regulated by miR-29a (Fig. 5) .
miRNA-29-dependent regulation of TET1 expression
Reduced expression of miR-29 is a frequent event in HCC and is correlated with a poor prognosis [13] . miR-29 can modulate the expression of DNMT-1 and 3B in leukemia and lung cancer cells [25, 32] . We confirmed a similar miR-29a-dependent modulation of TET1 protein expression in HCC cells. As a result, we focused our attention on miR-29a, the isoform mainly represented in hepatocytes. The expression of miR-29a in several HCC cell lines and human HCC tissues correlated with the expression of TET1 with a P value of 0.04 (Fig. 6a) . Over-expression of miR29a in HCC cells decreased TET1 expression (Fig. 6b ). All together, these studies suggest that miR-29 may indirectly modulate TET1 expression by acting on the methylation machinery. Our data suggest that the effects of 
Discussion
DNA methylation at the 5-position of cytosine (5-methylcytosine; 5mC) is identified as one of the key epigenetic marks in the development and genome regulation [25, 33] . Studies have demonstrated that different genomic regions are differentially methylated based on cell or tissue type and developmental stage [34] . The enzymes that catalyze DNA methylation, known as the DNA methyl transferases (DNMTs), including DNMT1, DNMT3A, DNMT3B and the regulatory subunit DNMT3L, have already been identified and well characterized [35] . However, the differential and dynamical process regulated by genome-wide DNA methylation during l processes and the downstream gene expression which may be linked to DNA methylation remain unclear.
Recently, human ten-eleven translocation 1 (TET1), a member of the TET family of proteins, was identified responsible for catalyzing the conversion of 5mC-5hmC. The role of TET proteins and 5hmC correlative diseases has been widely studied in the past 3 years since biochemical connection between TET proteins and 5hmC was firstly established. The mammalian TET family contains three members, TET1, TET2 and TET3, and each shares a high degree of homology within their C-terminal catalytic domain [36] . The identification of TET family of enzymes revealed a potentially molecular mechanism for the regulation of DNA methylation, indicating that 5hmC might act as an intermediate during the process of DNA demethylation. In our studies, we investigated expression levels and biological function of TET family enzymes in mouse cancer cells. It showed that TET1 and TET2, but not TET3, were expressed in cancer cells. Furthermore, TET1 and TET2 could oxidize 5mC-5hmC, adding complexity to uncovering the potential function of TET family enzymes and 5hmC in epigenetic regulation in cancer cells. The conditional knockdown of TET1 was used for further determination of biological function. The cancer cells with TET1 knockdown showed lower levels of 5hmc, which might contribute to aberrant DNA methylation patterns or other aspects in cancers. Moreover, the TET1 knockdown resulted in the growth stimulation and inhibition of cell apoptosis, indicating that TET1 is an important regulator and TET1 mutations or dysregulation might lead to lethality.
Recently, it has been shown that miR-29a/b/c upregulates p53 by targeting p85 and CDC42 and induces apoptosis in a p53-dependent manner in breast and colorectal cancer cell lines [26] . miR-29b is also shown to target Mcl-1 and sensitize cholangio carcinoma cells to tumor necrosis factor-related apoptosis-inducing ligand-induced apoptosis [26] . In the present study, we employed a new research model, HCC cells, to study the apoptosis pathways by which miR-29 exerts its function and modulates the malignant phenotypes of cancer cells. We believed that TET1 is a target of miR-29. This study, together with the work of other groups, demonstrates that miR-29 may target multiple proteins that function spatiotemporally or in cooperation in different cellular processes including cell growth, death and differentiation [24, 25, 29] . It is intriguing that miRNA can suppress multiple genes that favor the process of tumorigenesis, because intake of a single miRNA may modulate complex downstream signals and inhibit tumor growth. Hence, miRNA is more likely to be an effective as anticancer drugs.
Our data suggest that functional loss of miR-29 family may result in enhanced expression of TET1 during the resistance of cells to apoptosis, which consequently favors tumor progression. We are aware that other miR-29 target genes may also be involved in miR-29 promoted apoptosis. However, we observed that silencing of TET1 can largely mimic the apoptosis-promoting effect of miR-29 overexpression and TET1 expression can dramatically reverse the effect of miR-29, which implicates TET1 as predominant mediators of miR-29-promoted apoptosis in HCC cells.
In summary, we investigated the potential role of feedback of TET1-miR-29 family in tumorigenesis and its underlying mechanisms. Our data suggested that downregulation of TET1 play an important role in the development of cancer, such as HCC, and that miR-29 be Fig. 6 miRNA-29-dependent regulation of TET1 expression a miR29a and TET1 expression was assessed in non-malignant human hepatocytes (HH), HCC cells (HepG2, Huh-7), human HCC tissues and adjacent non-tumoral tissues. miR-29a expression was assessed by TaqMan real-time PCR assay and normalized to that of RNU6B. TET1 expression was assessed by PCR using SYBR Green and normalized to that of GAPDH. In the graph, miR-29a and TET1 are expressed relative to HH for the cell lines or to adjacent tissues for human HCC (log scale). Regression analysis was performed using the MedCalc Software. The fitted regression line (black) and 95 % confidence intervals (gray) are shown. (b) HepG2 and Huh7 cells were transfected with pre-miR-29a or control. After 48 h, cells were collected, RNA extracted and real-time PCR performed. Bars represent mean and standard error of three independent experiments, relative to controls. *P \ 0.05 relative to controls employed as prognosis marker and therapeutic target for HCC.
